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The Berkeley Emerging Technologies Research Center

1.1 Executive Statement

The Berkeley Emerging Technologies Research (BETR) Center is a hub of physical electronics
research at the University of California, Berkel&lyserves as nexus for interactionsetween

faculty and student researchers and leading semicondcmiogpanies for longerm research
collaborations and knowledge transfeesearch activities in the BETR Center encompass a wide
range fronthe search fonew materials and manufacturing pesses tthe development afovel
computing and memory devicaad the design dfeterogeneous integrated systems.

The mission of the BETR Center is to foster innovation in materials, processes and devices
toward the vision of ubiquitous information systems for enhancing health and quality of life
in our global society.

For the last five decadesteady miniaturization of the transistor has yielded continual
improvements in integratedlrcuit performance and cost per functiovith dramatic impact on
virtually every aspect of life in modern society. This proliferation of informatsrd
communication technologidsas enabledcloud computing and the Internet of Things, which
together withrecentadvancements in machine learningegnse tothe visionof an artificially
intelligentworld with systems foicoordinatingcritical infrastructure fosmart cities, managing
personalized health care and medicinesfoarthospitals automating vehicles and traffic flow for
smart highways and optimizingnanufacturingand logistics fosmart factories
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Therealtime processing of large quantities of degquiredby artificially intelligent systems is
possible today becauséthe damatic improvement dhe capabilities of computing devic&his
exponentiaincreaseof computation power in the last 120 years is describédunr z we i,l 0 s
which predicts that computing systeare rapidly approaching the capability of themanbrain.
Underl ying Kur zwei |, describing the evautioMal trangstdeeled by w
advancements in materials, processes, and structures that have enabled transistors to b
miniaturized to s20 nm feature sizes in the most advanced chips toHayever, as
fundamental limits are approacheghnsistor scaling will not be as straightforward in the future

as it has been in the past. Alternative approaches for improving chip functionality, cost per function
and energy efficiency eventually withus be necessary to sustain the rapid growth of the
semiconductor industry beyond the next decade.

The BETR Center igleally positionedo address these challengagbringing together a broad
range of worldrenowned leaders in electrordevices andechnologyresearchThe BETR team

of UC Berkeley professorgpostdocsand studentsollaborats across the disciplines of electrical
engineering, computer science andtenals science to build the technological foundation for
future ubiquitous information system<onsidering that artificially intelligent systems must
always be awake, interactive, and networked across many devices, it is imperative that future
electronicsystens are more energy efficient in order to be ubiquitous, dhey need to be
compatible with flexible substrates to be wearable.

Societal Wants >

» Always on & Technology Trends

* Interactive e Wearablg& ;

» Networked P ) ) Electronics

R o \+ Internet of Things Imperatives

+ Big Data * Energy-efficient
* Flexible substrate

1.2 Leadership Team
To meet the need for a new industry growth

brings together research leaders whose collective expertise spans not only materials, structures ar
manufacturing processes for nanoelectronics, nanomagnetics hoémups and optoelectronics
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but also computational imaging and metrology, and IC design and system architecface,

BETR facultycedi r ect or s have contributed significa
last few decades, includirtbe deviopmentofi s pacer | it hogr apdigned ( al
double patterning, SADP) for patterningofdub t hogr aphi c f eat-shaped , t
field-effect transistor structure) for transistor scaling to below 10 nm, and most recently the

Ameat i ve capacitance F E-Oelectficchvayep gaténsulatmg filngtof er r
reduce transistor operating voltage.

Faculty co-Directors (in alphabetical order)

Ana Claudia Arias

Printed and Flexible Electronics

Dr. Ana Claudia Arias is a professor in the Department of Electrical
Engineering and Computer SciencdJ& Berkeley. She received her.Bh

in Physics from the University of Cambridge, UK in 2001. Prior to that, she
received her mast@rand bacheldr slegrees inphysics from the Federal
University of Parana in Curitiba, Brazil in 1997 and 19@Spectively.

: Dr. Arias joined the University of California, Berkeley in January of 2011.
Before that she wamanager of the Printed Electronic Devices Area aiMember of Research
Staff at PARC, a Xerox Company. She went to PARC, in 2003, from Plastic Logic in Cambridge,
UK where she led the semiconductor grdder research focuses on the use of electronic materials
processed from solution in flexible electrorsgstems.Dr. Arias uses printing techniques to
fabricate flexible large area electronic devices and sensors.

Jeffrey Bokor
Embedded Memory, Millivolt Switches, Integrated Systems

Dr. Jeffrey Bokor is the Paul R. Gray Distinguished Professor of Engineering
in the Department of Electrical Engineering and Computer Sciences at UC
Berkeley, with a joint appointment as Senior Scieimitite Materials Science
Division at Lawrence Berkeley National Laboratd®yurrently, ke also serves

as Chair of the Electrical Engineering and Computer Sciences Department.

Dr. Bokor received the B.S. degree in electrical engineering from the
Massachusetts Institute of Technology in 1975, and the M.S. and Ph.D. degrees in electrical
engineering from Stanford University in 1976 and 1980, respectively. From 1980 to 1993, he was
at AT&T Bell Laboratories where he did research on a variety ofsapitaser science, advanced
lithography for integrated circuits, as well as semiconductor physics and technology, and held
several management positions.

Dr. Bokor joined the Berkeley faculty in 1993. His current research activities include
nanomagneticsggntronics, graphene electronics, nanophotonics, and-el@stromechanical
systems. He is a fellow of IEEE, APS, and OSA.
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Ali Javey

Flexible Electronics, Millivolt Switches

Dr. Ali Javey is thd.am Research Distinguished Chair in Semiconductor
Processing and@rofessor of Electrical Engineering and Computer Sciences
at UC BerkeleyHe s also a senior faculty scientist at the Lawrence Beykele
National Laboratory where he serves as the program leader of Electronic
Materials (EMat). He is a cadirector of Berkeley Sensor and Actuator Center
(BSAC) andan associate editor of ACS Nano.

Dr. Javeyreceived a Ph.D. degree in chemistry from Stantémversity in 2005 and was a Junior
Fellow of the Harvard Society of Fellows from 2005 to 2@@6orejoining the facultyat UC
Berkeley. Higesearch interests encompass the fields of chemistry, materials science, and electrical
engineering and focus on the integration of nanoscale electronic materials for various
technological applications, including low power electronics, flexible circuits and sensors, and
energy generation and harvesting.

Dr. Javey is the recipient ofumerous awards, including tl&n Maydan Prize in Nanoscience
ResearchtheMRS Outstanding Young Investigator Awatkde Nano Letters Young Investigator
Lectureship the National Academy of Sciences Award for Initiatives in Researechnology
Review TR35and theNSF Early CAREER Award

Tsu-Jae King Liu
Millivolt Switches, Embedded Memory, Integrated Systems,

Dr. TsuJae King Liu ighe Dean of the College of Engineering and the Roy
W. Carlson Professor of Engineering B Berkeley.Previously she served

as Chair of the EECS Departmpeissociate Dean for Research in the College
of Engineering and Faculty Director of the Marvell Nanofabrication
Laboratory She wasalso Senior Director of Engineering in the Advanced
Technology Group of Synopsys, In20042006.

Shereceived the B.S., M.S. and Ph.D. degrees in Electrical Engineering from Stanford University.
She joned the Xerox Palo Alto Research Center as a Member of Research Staff in 1992, to
research and develop higlerformance thifilm transistor technologies for flgganel display
applications. In 1996 she joined the facudtyUC Berkeley.Her research actities are presently

in advanced materials, fabrication processes and devices for @fBoggnt electronics. She has
authored or cauthored over 3 publications and holds oveb Batents.

Dr. Liuds awards include the DARPA Significa
of the FINnFET the IEEE Kiyo Tomiyasu Awardthe Intel Outstanding Researcher in
Nanotechnology Awardandthe Semiconductor Research Corporation (SRC) Aristotle Award
Dr. Liu is a Fellow of the IEEE and a member of the U.S. National Academy of Engineering, and
she serves on the Board of Directors for Intel Corporadiath on the Board of Directors for
MaxLinear, Inc.
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Ramamoorthy Ramesh
Spin-Based Logic, Embedded Memory

Dr. Ramesh is the Purnendu Chatterjee Chair Professor in Materials Science
and Physics at UC Berkeley, and a Faculty Senior Scientist at Lawrence
Berkeley National LaboratoryHe pursues key materials physics and
technological problems in complex multifunctional oxides. Using conducting
oxides, he solved the 3@ar enigma of polarization fatigue in ferroelectrics.

. He pioneered research into manges coining the term, Colossal
Magnetoresistive (CMR) Oxides. His work on multiferroics demonstrated electric field control of
ferromagnetism, a critical step towards ultralow power memory and logic elements. His extensive
publicationson the synthesis dmaterials physiasf complex oxides are highly cited (over 65,000
citations, Hfactor =144).

He is a fellow of APS, AAAS & MRS and an elected member of the U.S. National Academy of
Engineering and a Foreign member of the Royal Society of London. Hisdavinclude the

Humboldt Senior Scientist Prize, the APS Adler Lectureship and McGroddy New Materials Prize,
the TMS Bardeen Prize and the IUPAP Magnetism Prize and Neel Medal. He was recognized as
a ThomsorReuters Citation Laureate in Physics for higkwon multiferroics.

He served as the Founding Director of the successful Department of Energy SunShot Initiative in
the Obama administration, envisioning and coordinating the R&D funding of the U.S. Solar
Program, spearheading the reduction in the cbSotar Energy. He also served as the Deputy
Director of Oak Ridge National Laboratory and the Associate Lab Director at LBNL.

Sayeef Salahuddin

Embedded Memory, Accelerators for Al, Millivolt Switches

Dr. Sayeef Salahuddin ihe TSMC Distinguished Professor of Electrical
Engineering and Computer Sciene¢dJC BerkeleyHe is the calirector of
the Berkeley Center for Negativea@acitance Transistors (BCNCapdthe
Berkeley Device Modeling Center (BDM@ndhe isan associate director of
ASCENT, a multuniversity research center within the DARPA/SRC JUMP
initiative.

His researcHab explores the conceptualization and dematistn of novel device physics for
logic and memory applicationBr. Salahuddin is widely known for his discovery of the Negative
Capacitance phenomenonferroelectric materials.

Dr. Salahuddin has received the Presidential Early Career Award for Stianti Engineers
(PECASE), the highest honor bestowed by the US Government on early career scientists ang
engineersHe also received a number of other awards including the NSF CAREER award, the
IEEE Nanotechnology Early Career Award, the Young Investigatards from the AFOSR and
ARO and the IEEE George Smith Awakde is a Fellow of the IEEE and the APS.
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Sophia Shao

Accelerators for Al

Dr. Sophia Shao is an Assistant Professor and an SK Hynix Faculty Fellow
the Electrical Engineering and Computer Sciences depart@aentC
Berkeley. Previously, she was a Senior Research Scientist at NVIDIA
Research.

Dr. Shaoreceived her Ph.D. degrée 2016 and S.M. degree in 2014 from

Harvard University.Her research interests are in the area of computer
architecture, with a special focus on specialized accelerator, heterogeneous architecture, and agil
VLSI design methodology.

Dr . Shor& lme$ben awarded a Best Paper Award (MICRO 2Gk®)Top Picks in Computer
Architecture (2014). Her Ph.D. dissertation was nominated by Harvard for ACM Doctoral
Dissertation AwardDr. Shao is a Siebel Scholar, an invited participant at the Rising Stars in
Electical Engineering and Computer Sciendéorkshop, and a recipient of the IBM Ph.D.
Fellowship.

VI adi mir Stojanovil

Accelerators for Al, Optical Interconnects, Integrated Systems

Dr . VI adi mi ProfeSsormf Etectrizal Enfineérisg and Computer
Science atC Berkeley.Hereceived his Ph.D. in Electrical Engineering from
Stanford University in 2005, and the Dipl. Ing. degree from theésgity of
Belgrade, Serbia in 1998. He was also with Rambus, Inc., Los Altos, CA,
from 2001 through 2004 and with MIT as Associate Professor from 2005
2013.

Research interestsf D r . St anplude design] modeling and optimization of integrated
systems, from CMO®ased VLSI blocks and interfaces to system design with emerging devices
like NEM relays and silicoiphotonics. He is also interested in design and implementation of
energyefficient electrical and optical networks, and digital communication techniques in high
speed interfaces and higpeed mixegsignal IC design.

Dr. Stojanovi i recei ved t hethe NBAMCAREER AWwatdihe P ar
ICCAD William J. McCallathelEEE Transactions on Advanced Packaging, redSSCC Jack
Raper best paper award. He was an IEEE Stiade Circuits Society Distinguished Lecturer for

the 20122013 term.
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Laura Waller

Computational Microscopy

Dr. Laura Waller is an Associate Professor of Electrical Engineering and
Computer Science atC Berkeley leadng the Computational Imaging Lab.
She is a Senior Fellow at the Berkelegtltute of Data Science (BIDS), with
affiliations in Bioengineering and Applied Sciences & Technoldgyom
2016 to 2020 Dr. Walleheld the UC BerkeleyTed Van Duzer Endowed
Professorship

Dr. Waller was a Postdoctoral Researcher and Lecturer of Phydieghaeton University from
20102012 and received .B.,, M.Eng and PKD. degrees from Mssachusetts Institute of
Technologyin 2004, 2005 and 2010, respectively. She is a Moore FoundationDDigtan
Investigator, Bakar fellow, Distinguished Graduate $thidVientoring awardee, NSF CAREER
awardee, ChaZuckerberg Biohub Investigator, SPIE Early Career Achievement Awardee and
Packard Fellow.

Ming C. Wu
Photonics, Optical Interconnects, Accelerators for Al

Dr. Ming C. Wuis Nortel Distinguished Professor of Electrical Engineering
and Computer 8ences and G®irector oftheBerkeley Sensor and Actuator
Center (BSAC)hand theBerkeley Emerging Technologies ReseaiBETR)
Centerat UC Berkeley. Dr. Wu received his B.S. degree in Electrical

_ Engineering from National Taiwan University in 1983, andSMand Ph.D.

. degrees in Electrical Engineering and Computer Sciences from the University
of California, Berkeley in 1986 and 1988, respectively.

From 1988 to 1992, he was Member of Technical Staff at AT&T Bell Laboratories, Murray Hill,
New Jersey. From 1992 to 2004, he was Professor of Electrical Engineering at the University of
California, Los Angeles (UCLA). He has been a faculty member at Bgrkance 2004.

His research interests include silicon photonics, optoelectronics, MEMS, MOEMS, and
optofluidics. He has published 8 book chapters, over 600 papers in journals and conferences, hold
30 U.S. patents. His research has been successfully emmfized by OMM (MEMS optical
switches, 1997) and Berkeley Lights (NASDAQ:BLI, optofluidics, 2011).

Prof. Wu is Fellow of IEEE and Optical Society (OSA), and a Packard Foundation Fellow (1992
1 1997). He was a member of the IEEE Photonics Society Bd&dvernors from 2013 to 2016.

His work has been recognized by the 2016 IEEE Photonics Society William Streifer Scientific
Achievement Award, the 2007 Paul F. Forman Engineering Excellence Award, the 2017 C.E.K.
Mees Medal from the Optical Society (OSAhd the 2020 Robert Bosch Micro and Nano Electro
Mechanical Systems Award from IEEE Electron Device Society.
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Eli Yablonovitch

Millivolt Switches, Photonics, Accelerators for Al

Dr. Eli Yablonovitch holds the James & Katherine Lau Chair in Engineering
in the Department of Electrical Engineering and Computer Sciend¢€ at
Berkeley He is also the Director of the NS&€ience & TechnologZenter

for Energy Efficient Electronics Science3%. Dr. Yablonovitch received

his Ph.D. degree in Applied Physics from Harvard University in 1972. He
worked for two years at Bell Telephone Laboratories, and then became a
professor of Applied Physics at Harvakte joined Exxornin 1979 andBell
Communications Researth 1984, beforegining UCLA in 1992 Since 2007 he is a faculty
member at UC Berkeley.

Prof. Yablonovitch introduced the idea that strained semiconductor lasers could have superior
performance dueotreduced valence band (hole) effective madgh almost every human
interaction with the internet, optical telecommunication occurs by strained semiconductor lasers.
He i s regarded as a Father of the Phodaneni c
Crystalo. The geometri cal structure of t he
sometimes called Y a b | o .nrohis phiotevoltaic research, Prof. Yablonovitch introduced the
4(n squared){ Y a b | o n o v)lighttlappibg faotortthéis in worldwide use, for almost all
commercial solar panelsli s mantra that @fAa great sol ar ce
basis of the world record solar cells: sirglaction 29.1% efficiency; dugunction 31.5%;
guadruplegunction 38.8%efficiency; all at 1 surDr. Yablonovitch is elected as a Member of the
National Academy of Engineering, the National Academy of Sciences, the National Academy of
Inventors, the American Academy of Arts & Sciences, and is a Foreign Member of the Royal
Sodety of London.

Executive Director

“T  Michael H. Bartl

Center Administration

Dr. Michael H. Bartl isthe executive director of th&erkeley Emerging
Technology Research (BETR) Center afithe NSF Science & Technology
Center for Energy Efficient Electronics ScienceéSE Before moving to
Berkeley, Dr. Bartl was a tenuréaculty membeiat the University of Utah
(where he still holdan appointment as research professand a visiting
professor at the Technical University of Munich, Germany. Hé&uoaded
Navillum Nanotechnologieand publishednore than 65apersabout his research activities in
functional nanostructured materiéts energy and information technology applications.

A native of Austria, Dr. Bartl earned his doctorate in chemistry from-Riahzens University
Graz beforeeonducting postdoctoral research at the Santa Barbardde wasthe recipient oa
ADuPontPrYmfue gsandhewasingnied a Scialog Fellow by the Research Corporation
for Science Advancemeanda fABr i I | i ant 100 resear.cher by
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1.3 Corporate Membership

The BETR Center was established with the godbster :
long-term academiéndustry research collaborations and Companies
knowledge transfer by connecting UC Berkefagulty u
and students who are building the technologica’ -

foundation for future electronic devicesdamformation v'Ongoing collaboration &
systemswith leading semiconductor companie$he knowledge transfer
BETR Center model of mutually beneficial collaboration
gives orporate members early access to innovative ide
and research results, while university researchers ga ¥ Shared leadership
insights intotechnologcal challenges faced by industry| v Commitment to long-term
and society, andby seeing the results of their researcl  strategic partnership
applied to solve reakorld problems.Moreover, the

BETR Center provides various opportunities fagmber A

companiego interact directly withts faculty codirectors University

and100+ graduatstudentsand postdogamany of whom s

are prospective future employees.

v Mutual goals

Since its inception in 2016, the BETR Center has seen a steady incrégeseumber oforporate
membes and we are delighted to currenthave six leading compangin innovation in the
semiconductor industrge part of the BETR CenteéFhese companies are (in alphabetical order):
Applied Materials Atomera Intel CorporationLam ResearclSK Hynix, andTSMC.

A Lam ﬂiﬁs O AFERAR

RESEARCH ulf

o2 o _—
atomera SK Inte

Each of the member companiesrépresented in the BETR Centeechnical Advisory Board
(TAB). The TAB meets biannually as part of the BECBnterWorkshops in a closed sessian
promote dialog between industry and academgsuch, the TAB is a crucial body moviding

all BETR facuty co-directors importanfeedback for orgoing research and future directions.
Moreover, since th& AB comprises members from across the industrial ecosystiéprovides

betr
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BETR Center researchers with multiple and holistic perspecthdditional benefits of a BETR
Center corporate membership include:

Access to Periodic Research Webinars

During the fall and spring semestetise BETR Center host series ofwebinas featuring
leadingedge research within the fields of physical elettt® and optoelectronics. Given by
researcherfrom UC Berkeley and other research institutions, these webararsccessible
via an online meeting service. Recordingshaist ofthese webinarare made available to
corporate membenga passworeprotectel acceson the BETR websitdn the last year, the
BETR Center hostednd share@0research webinars (sé@pendix Afor details).

Attendance at Semi-Annual Research Reviews/Workshops

The BETR Center hoktwo research revieviworkshopser yeain whichthe latestesearch
resultsarepresented. These events inclugal presentationsndustry panelsand lightning

talks andposter sessianby BETR students and postdpefering an opportunity to meet and
interact with studet presenters, who are potential candidates for internships and/or
employmentin the last year, two BETR Workshops were helgendas for the spring and fall
workshops are given @ppendk B andAppendixC, respectively.

Invitation to Berkeley EECS Annual Research Symposium (BEARS)

Each year in February, UC Berkeleybds Depa
Sciences hosts a ddgng research conference featuring a variety of infoneatalks by
distinguished faculty members and advanced graduate students. BEARS gives industrial
affiliates a look at some of the most exciting research being pursued in information science
and technology.

Customized Briefings

Upon request, the BETR Centtaff will facilitate the scheduling of meetings with individual

BETR Centero-directors. Based on best efforts, they will also facilitate introductions to other
research centers and programs at UC Berkeley, as well as to companies that are part of UC
Ber kel eyds technology innovation ecosystem.

Option to Direct Part of the Membership Contribution to a Faculty co-Director

Each corporataffiliate may direct part of thenonetary membership contributiém specific
research project(s) or research teani(gpically, this isrequest is madat the start of the
annual membership periodhe BETR Centerco-directors will then reviewequestsand
endeavor to allocate part of tbentributionto support thoseesearch topics. Acknowledgment

of the companyds support wild]l be made in
funded specifically by the allocated porti

Facilitation of Technology Licensing

Twice a yeara list of research publicationand patent applications will be providedath
industry affiliates. Upon request, the BETR Center staff will facilitate introductions to the
Industry Alliances Office and Office of Technology Licensing at UC Berkigetechnology
licensing

betr
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2 Research Activities

2.1 Motivation and Overview

The central goal of thd8ETR Centelis to provide solutions fodriving innovation in materials,
processesand solid-state devices to enable future ubiquitous information syst&asearch
activities are motivated by three main challengesfobientintelligenceto become a reality

Looming Power Crisis for Computing: Electricity consumed by computing devicess ha
increased exponentially with the proliferation of information and communication technology.
To avoid a power crisis in the futureindamentally new concepts for more eneefficient

logic switches and eohip communication are needed. In addition tealsthroughs in solid

state science and technology, innovations in circuit design and system architecture will be
necessary to avert a power crisis for computing.

Advent of the Internet of Things. The Internet of Thingsera of ubiquitouscomputing,
wherein electronic devices are pervasive and wirelessly networked with access to cloud
computing requires heterogeneous integration to diversify functionality and mechanical
flexibility in mobile devices. For these to be affordable, new manurfiact techniques must

be developed through interdisciplinary research into novel tools, processes, and materials that
are compatible with loveost plastic substrates.

Proliferation of Big Data Applications:i Bi g Dat ao has becomest he
in memory technology and higherformance computingith increasing neetbr stoling and
procesBg large data sets in reime to derive actionable informatiodardware innovations
(including nonvon-Neumann architecturesndnew computational algithms and software
systems will be needed to meet the demand within reasonable energy and cost constraints.

Finding solutions to thesgrand challenges requires a
concerted effort across disciplines and between academic
and industrial researchets. response e BETR Center Next-Gen
assembleda diverg groupof UC Berkeley professors Devices

from electrical engineering, computer science ang Flexible
materials scienceworking with industy researchersto  \aEM

build the technological foundation for future electronic

devices and information system$he BETR Center Center
research teams are organized in six distinct, but highlejsilet
collaborative, research thrusi@igure 1) (1) Next Inter-
Generation Devices (imeding Millivolt Switches and connects

Embedded Memory), (2) Flexible Electronics, (3) Integration
Accelerators for Al, (4) System Integration, (5) Optical
Interconnects, (6) Metrology In the following,
information for each of the research thrusts is provided,
includingkey achievements in the last twelve months anéiigure 1. Research Thrusts of the BETR Center.
a description of current and future projects.
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2.2 Millivolt Switches

Research activities of the Millivolt Switches Thrust have been supported in part by directed
membership contributions ®SMC, SK Hynix, andAtomera

Energye f f i ci ent el ectronic devices are centra
recent advarements in cloud computing, social networking, mobile internet and data analytics,
and the associated increase of batfgwered electronic systems, the development of intelligent
systems that can operate at significantly reduced power consumption & melevant as ever. In
fact, many of the ultrdow power electronics research projects in the BETR Center have originated
in the Center for Energy Efficient Electronics SciencéSjEbased on the recognition that the
energy used to manipulate a singledfiinformation is currently ~100,000 times greater than the
theoretical limit. Research on ulttew power devices and circuits in the BETR Center is
conducted byProfessors Jeffrey Bokor Ali Javey, Tsu-Jae King Liu, Sayeef Salahuddinand

Eli Yablonovitch, and encompasses the search for alternativedlagsicalransistorbased digital

logic. Examples include new circuit and system architectures leveragingeakeme nano
electromechanical (NEM) relays, field effect transistors (FETs) with 2D matesactive layers,
graphene nanoribbon transistors, and curdeiven ultrafast nanomagnetic switch¥8-Ms

2.2.1 Recent Achievements

A. Graphene Nanoribbons

Research on graphene nanoribbor pg ["AGNRs Yo —
(GNR) based millivolt switches in the + &% L L s I 1 Gold

BETR Center is led by thBokor group Sio, WO  hneaino

(and  Prof.  Felix Fischegy in Si I _ Gold_
collaboration with BETR industry Ve =2 BB
affiliate TSMC. The BETR team has ) T Shations
successfully synthesized several distinct ' ? e o
GNRs with ultranarrow width (0.73.0  _

nm), atomically smooth edges and X . prm————————
uniform bandgap. Furthermore, as -’ Gentle

shown in Figure2 (left), fabrication w Moo
processes were developed to integrate g , , _ Graphene nanoribbons_
GNRs into funtioning FETs with 2 Y ° 1 L

excellent switching behavior (ON/OFF

ratios OfDlOG and ONcurrents ((ln) of Figure 2. Left. Schematic representation (top) and Ipl ¢ characteristics
'MS3MS5 . (bottom) of -AGNR FETs with Pd sourceid

D60 nA). ' However, since the Hio, back gate. Right. Schematic of the transfer-free synthesis of

i GNRs on SiO,/Si substrates. Typical AFM height images of a D100 nm

bottomup Synth,eSIS co_mmonly takeSgold thin film éeposited onto a SiO,/Si substrate.

place on catalytic metallic surfaces, the

integration of GNRs into such devices requiresirthransfer onto insulating substrates, which

remains one of the bottlenecks in the development of -Baed electronics. In response, the

Bokor group developed a method for the trandfee placement of GNRs on insulators, involving
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growth of GNRs on gold film deposited onto an insulating layer followed by gentle wet etching

of the gold, which leaves the nanoribbons to settle in place on the underlying insulating substrate
(Figure 2, right)MS> Meanwhile, the team has also demonstrated trafisferfarication of
ultrashort channel GNR FETs using this process. Importantly, this trdrestgprocess can scale

up well to 12inch wafers, which is extremely difficult for previous techniques.

B. Low-Temperature Semiconductor Processing

Processing of higlguality semiconductors at
nearambient temperatures has become
increasingly important for both
transparent/flexible electronics and monolithic
3D-CMOS  architectures. While several
solutions exist for fiype semiconductors, the
Javey growp recently reported a breakthrough
for p-type semiconductors by successful
thermal evaporation of tellurium thin films at

# * Under bending

@] o5 Aecreissss 1% cryogenic  temperaturd®®  Using  this
approach, the team fabricated high

* w

> Q

% 40 @ * s 5

230 ot . el = performance wafescale ptype field-effect

s o2 transistors on_\n'aous transparent _and flexible

£ o ¢ Substrates (Figure3). The transistors have

:” excellent properties, including high effective
WS su R e hole mobilities and ON/OFF current ratios,

Bending radius (mm) even under substantial bending. Moreover,

Figure 3. Photographs of Te FETS fabricated by evaporation  vagrjous functional logic gates and 3D circuits
with a substrate ovredrglequatt wafere . . .

(top, left), on PET (top, right), and on Kapton (bottom, left) were _demonstrated_by |nteg_rat|ng_ mdttyered )
while bent (the thickness of f{ransistors on a single chip using sequential

Bottom, right. Effective mobility and on/off current ratio of Te . .- A
FET (B nm on kapton substrm: lithography, deposition and lififf processes.

C. Non-Volatile Nano-Electromechanical (NEM) Switches

TheLiu group has pioneered the use of +vatatile naneelectromechanical (NEM) switches (or
relays) for energy efficient computiM§yMS” NEM switches use electrostatic force to
mechanically actuate a movable structure to make or break physical contact between current
conducting electrodes. Importantly, when étectrodes are separated physically by an air gap, no
current flows across the gap, resulting in zero Qtéfte current. Hence NEM switches have abrupt
ON/OFF switching characteristics, in addition to robust operation across a wide temperature range
downto cryogenic temperaturés® Moreover, NEM switches can be monolithically integrated
with CMOS circuitry. This was demonstrated by Lhie group by implementation of nevolatile

NEM switches using multiple metallic layers in the BEOL stack of a stanétamdh CMOS
process, followed by a release etch after CMOS fabricgEmure 4, left) MS2MS10| ow contact
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resistance and
reconfigurable  circuit Metal dummy/ —
functionality was verified hard mask

by operation of a vertical
hybrid CMOSNEM Movable Beam
reconfigurable circuit
Program voltage is applied
to either actuation
electrode (ProgramQO or B+

_.
P o000k EN

L L
40 60 8C
5(11 10 01 00 11 10 01 00

o
N
o

Output, Oq (V)Input, B, (V) Input, Ay (V)
o aEranN moar—wnm oo uo

_.
= o

o

L
20 40 60 8(

_.
o
=)

Programl) to Time, t (€5)
electrostatically actuate the TanHe Tt
beam into contact with A B 0
either DO or D1 g 2 2
respectively. The contact 1 0 0
adhesion force is designed 1 1 1

to be higher than the spring rigure 4. Left. Cross-sectional SEM image of a vertical NEM switch fabricated in standard

i i 65nm node, showing its five terminals in the as-fabricated state. Right. Input and output
restorlng_ force to ach!eve waveforms of a 2-input/1-output look-up table (LUT) based on non-volatile vertical NEM
nonvolatile contacting  switches (top) and the corresponding truth table (bottom).

states. A hybrid CMOS
NEM 2-input/l-output lookup table using 4x3 newolatle NEM switch array is also
demonstrated in Fige4 (right).

2.2.2 Current Projects

Graphene Nanoribbon-Based Millivolt Switches
(Prof. Jeffrey Bokor)

In collaboration with UC Berkeley synthetic chemist Prof. Felix Fisahes project focusses on

the synthesis of novel graphene nanoribbons (GMRd their integration into functioning field
effect transistor (FET) devices. Recentlyey demonstrated the excellent switching behavior of
GNR-based FETs with ON/OFF ratios B.0° and ONcurrents (§n) of D60 NAMS2 Current work

aims at upscaling GNR FET fabrication using a trarts placement of GNRs on insulat$fs.

While the concept has been successfully demonstrated, the device performance was lower tha
with previous processes. The main focus now is tavopé this new transferee placement of
GNRs process to increase both ON/OFF ratios anec@hénts. Since the transflgee process

can scale up well to tidch wafers, it is an important step toward lasgale integration of GNRs

into electronic device

NEM Switches Monolithically Integrated with CMOS Circuitry
(Prof. TsuJae King Liu)

Nanoelectromechanical (NEM) switches can be operated at ultralow voltages (<20 mV) and have
abrupt ON/OFF switching characteristics, in addition to robust operation across a wide temperature
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range. Taking advantage of uksaaled interconnect pitch in staf-the-art CMOS technology,

the teandemonstrated that vertical n@olatile NEM switches can be implemented using multiple
interconnect layers in the baekdof-line (BEOL) stack of a standard 65nm CMOS
proces3!SOMSI0 gych integrated systems haveoenous potential for CMOS power gating,
configuration of fieldprogrammable gate arrays, noeolatile backup storage of information in
SRAM and CAM cells, and energgfficient, fast and reconfigurable loalp tablesWith support

of BETR industry affiliaé SK Hynix, the current project focuses on demonstration of BEOL NEM
switches at extreme temperature conditions and on technology scaling to achieve programming
voltage of NEM switches in the range compatible with standard I/0O CMOS circuitry. A significant
step in this direction has recently been achieved by demonstrating functional vertivalatde

NEM switches and hybrid reconfigurable circ

Monolithic 3D CMOS
(Prof. Ali Javey)

The Javey groupas been explong new materials and process schemes to enable synthesis of
high electronic grade semiconductors at very low temperatures to enable monolithic 3D CMOS.
That has been the primary challenge in achieving such architeckhimghave developed a new
growth male, where single crystalline structures of\Is can be grownon any substrate,
including amorphous oxides at ~20D with high carrier mobilityCurrent work aims ateloring

to advane the use of this platforrfor backend electronics and 3D CMOS. In another approach,
the group isooking at semiconductors, like Te that can-sejfstalize at temperatures even below
room temperature arising from their unigergstal structures.

2.2.3 Publications (Millivolt Switches i MS)

MS1. F. Chen, H. Kam, D. Mar kovi ¢, TintebratediCircnigDedigh with V. 9
NEM Relays Broc. IEEE/ACM ICCADpp. 756757, Nov 2008.

MS2. S.B. Desai, S.R. Madhvapathy, A.B. Sachid, J.P. Llinas, Q. Wang, G.H. Ahn, G. Pitner, M.J. Kim, J. Bokor,
C.Hu,H:S. P. Wong, ®oSd Trawsistods avith-@&gnpomefer Gateengths Sciencevol. 354,
pp. 99102, Oct 2016.

MS3. J.P. Llinaset al, ShdrtChannel FieleEffect Transistors with-#tom and 13Atom Wide Graphene
Nanoribbons NatureCommunicationsvol. 8, pp. 633, Sep 2017.

MS4. Y. Yang, R. Wilson, J. Gorchon,€l. Lambert, S. S a UlaadfestMagnetizatam d J . B
Reversal by Picosecond Electrical Puls@&ience Advancesgol. 3, pp. E1603117, Nov 2017.

MS5. Z. Mutlu, J.P. Llinas, P.H. Jacobse, I. Piskun, R. Blackwell, M.F. Crommie, F.R. Fischer, and J. Bokor,
fiTransferFree Synthesis of AtomicglPrecise Graphene Nanoribbons on Insulating Substr&€sS
Nang vol. 15, pp. 2632642, Jan 2021.

MS6. C. Zhao, C. Tan, D.H. Lien, X. Song, M. Amani, M. Hettick, H.Y.Y. Nyein, Z. Yuan, L. Li, M.C. Scott, and
A . J abvaporated Tellurium Thin Films forfype FieldEffect Transistors and Circujtshature
Nanotechnologyvol. 15, pp. 5&8, Jan 2020.

MS7. Z. A. Ye, S. Al mei da, M. Rusch, A. Per Ja&KsLju, W. Zh g
fiDemonstration of Sub0 mV Digital Integrated Circuits with Microelectromechnical ReJaisEE
International Electron Devices Meetin§an Francisco, CA, Dec 2018.

MS8. X. Hu, S.F. Aiméda, Z.A. Ye, and FJ . Ki nUitra-lLoiv-Valtagé Operation of MEM Relays for
Cryogenic Logic Applications 8019 IEEE International Electron Devices Meeting (IEDB&nFrancisco,
CA, USA, pp. 34.2.134.2.4, Dec 2019.
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2.3 Embedded Memory

Research activities of thembedded Memoryhrust have been supported in part by directed
membership contributions &K Hynix.

Large data sets coupled with long network latency result in significant energy inefficiencies in data
centers. Processors consume energy mostly in the idle state, waiting for the network to return a
data query or maintaining availability to service a rengptery into local memory. Disaggregation

of processing and memory resources and optimization of the network fabric, enabled by new
memory technologies and silicon photonics, can provide for dramatically improved energy
efficiency of warehousecale compwrs. The BETR Center research groupsPobfessors

Jeffrey Bokor, Tsu-Jae King Liu, Ramamoorthy Ramesh Sayeef Salahuddin andVladimir

St o] a puocsueitie goal of higtlensity norvolatile memory that can be monolithically
integrated with CMOS circuitrysuch as nanometecale magnetic and ferroelectric devices, and
nano el ectro megdhEaWSI)c ail mpd veimecnhheesd i n a back
research involves fundamental scientific studies, to elucidate physical phenomena such as electric
field control of magnetization in multiferreierromagnet heterostructures (for voltagmtrolled
operation of nanomagnetic memory devices), develop ultrafast (fessgmndg magnetic
devices, as well as the integration of memory+logic fabrication presessl characterization of
threedimensionally integrated circuit structuré;&v4

2.3.1 Recent Achievements
A. Ultrafast Magnetic Switching

The Bokor and

Salahuddin groups are
developing currendriven,

ultra-high speed magnetic
elements for logic and
memory with switching
energies at the sub
femtojoule  levefM4EMS

Magnetic systems are
attractive logic switches
since their nofvolatility

can be used to reduce stat
power losses. However,
the low speed of magnetic \ S
switching has severely o

limited device —~

appﬁcations_ The BETR Figure5. Ultrafast SOT switching set-up. Photogenerated ~6-ps-duration electrical pulses
are guided and focused by a coplanar waveguide into the magnetic stack, resulting in
research team ultrafast SOTs. The sampled picosecond current pulse is shown at the back of the figure.

demonstrated that ultrafast The solid green line is a guide to the eye.

Photoswitch Magnet
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switching of magnetic materials is possible by hot electrons that are excited via electrical
pulsessM* Moreover, a further breakthrough was recently achieved by the observation -of spin
orbit torque (SOT) switching of a ferromagnet with picosecond electrical giMsds.detall, it

was discoverecdat photoconductive switches can be used to appkw@ide electrical pulses and
deterministically switch the odf-plane magnetization of a common thin cobalt film via spin
orbit torque (Figuré). First results indicate that the magnetization switching consumes less than
50 pJ in microrsized devices. Scalindown the device dimensions to 20 nm dimensions gives
estimated switching energies of a few fJ, which is the current size ofo$tditeart magnetic
memory devices.

B. NEM-Based Relays for Embedded Memory

The Liu and St oj ang
groups have teamed up
with support by BETR I
industry  affiliate SK [f
Hynix to exploe system
based integrated circuit
implementations in the so
call ed NRedge
scenarios, where the &
sensory and computation| - oA et
functions are severely | --2°% TR
energy limited. For ‘
example, the team has
invedigated the use of
NEM-based relays for :
applications as lockp | g )<
tables (LUTs) and for |/ . | [l g\ o Ee] e
embedded memory, e e T N EMory LUT [eRne:%;u(trJn‘,' ‘0‘532%3"&»]

Figure 7. Top. NEM switches fabricated us ultipl
reconflgurable N M W © ‘ayers In a stanca

’ process in 65nm CMOS technology showing simulated structure of a vertically oriented

based interconnects for body-biased relay (left) and schematic cross-section after sacrificial oxide etch (right).
Bottom. NEMory performance comparison with ReRAM and CMOS.

novel memory P P

application™® For this,

vertically oriented relays were designed and fadiad by a standard 65nm CMOS process, using
the multiple interconnect layers in the baekdof-line (BEOL) process (Figuré).EM6EM7 NEM
switches are thus monolithically integrated with CMOS circuitry by performing a release etch after
CMOS fabrication process with relatively low thermal budget. Aadyeis of the performance of
NEMS switchbased embedded memories to increase the capacity and lower the- energy
consumption per node is shown in Figdr@ he results demonstrate that with proper process node
scaling, the NEMory can achieve very competitmetrics compared to CMQORased memories

and ReRAM.

Source T

® NEMory (F = 20 nm)
- ReRAM (F = 20 nm)
A CMOS (F = 45 nm)

Log g =
[Readout \'T 2 Vi ( [Program
delay (ns)] delay (ns)]
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C. Magnetoelectric Spin-Orbit (MESO) Logic

a TheRameshgroup
Charge Magnetoelectric i : Charge is explorin
In — g e, NS Spin-orbit effect |- interconnect ReJB p g
Charge Charge to Magnetism Charge pathways o
voltage, magnetism to charge voltage, drastlcally reduce
the voltage
b I . X requirement  for
I . .
i [ y_/ 3 B Nanomagnet/ferromagnet electric field
1, (input) I/"'f E Spin-injection layer SW|tCh|ng of

multiferroics.

] Spin-orbit coupling stack "
Together with

- Interconnect for <10-nm nanowire Colleagues from
(j, I_(output) - Magnetoelectric material Intel, the team
) c
AL Ground [ ] contacts to power supply/electronics developed a new

logic computing
Figure 8. a) MESO logic transduction for a cascadable charge-input and charge-output logic device. Concept based on a

b) MESO device comprising a spin-injection layer for spin injection from the ferromagnet to the :
topological material, an interconnect made of a conductive material, and contacts to the power supply _r_1_1agn_etoelectr|c
and ground. spini orbit (MESO)

devce with
magnetoelectric switching nodes and $piit-effect readout (Figur8).EM8 The ultimate goal is
to switch magnets purely with a voltage of just 100 mV, or below. When successful, this will
represent a 3%old reduction in voltage amplitude compd to state of the art and a corresponding
1000fold reduction in switching energy. This will also represent a paradigm shift in that no current
will be necessary for switching magnetization.

2.3.2 Current Projects

Enabling MESO at 100 mV and Beyond
(Prof. Ramamoorthy Ramesh)

This project explores pathways to reduce electric field switching of multiferroics down to 100 mV
using a new logic computing concept based on a magnetoelectiiogpifMESO) devicé&M8
The project addresses the following chadles:

1. Is it possible to switch magnets purely with a voltage of just 100 mV? When successful,
this will represent a 35X reduction in voltage amplitude compared to state of the art and a
corresponding 1000X reduction in switching energy. This will alsoessmt a paradigm
shift where no current will be necessary to switch magnetization.

2. Is it possible to convert the state of a magnet into a voltage signal of the order of 100 mVv?
If successful, this will be 1000X improvement in the signal strength ovetadted the
art.

3. Is it possible to switch a magnetic order at 10s of picoseconds or less either with voltage
or current? Note that this speed is ~10X faster than the state of the art and will bring
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spintronic devices such as memory elements at the samleale the fastest electronic
memory devices with the added advantage ofvadatility and infinite endurance.
To achieve these goale teamwill pursue threeapproaches(i) chemically dope BiFe®©with
La and Snto reduce its coercive voltage; (ii) reduce the thickness of Bife@hicknesses as
small as 10 nm, while retaining the ferroelectric/antiferromagnetic properties; (iii) explore oxide
ferromagnets as the top contact.

On-Chip Ultrafast Magnetic Switching
(Profs. Jeffrey Bokor, Sayeef Salahuddin, V

This project builds on the recent breakthrough of ultrafastatiit torque (SOT) switching of a
ferromagnet with picosecond electrical puls8¥3.Currently, the team is exploring -aip
ultrafast magnetic switching and readout triggered by electrical pulses generated directly by
CMOS circuits. Conventional CMOS scaling is projected to reach transistor speeds in the range of
a few picoseconds, so such electrical pulses will be availabbhipnTo take advantage of this
technology, the team works on integrating magnetic device structures on advanced CMOS chips
Two challenges have to be overcome toward this goal: (1) Integration of an electrical readout into
the circuit structure, and (2¢duction of both the switching energy and current to be compatible
with CMOS technology. In fact, calculations revealed that energies and currents for the electrical
switching of magnets could be as | owm@cel ~3.
size.

In-Memory and Normally-Off Computing Using Magnetic Nonvolatile Devices
(Profs. Jeffrey Bokor, Sayeef Salahuddin, V

This project focuses on the fabrication, design, and integrationmaemory andnormally-off
computing using magnetic nonvolatile devices with the goal of integrating-témaeal spin

Hall memory devices with a CMOS latch. The basic idea has been to reduce power by turning off
large portions of the computer that are not in useu®gg nonvolatile memory, the shidown

part of the computer can readily be restored to its original state, once it is needed, without needing
to write to or read from external storage. By distributing the memory over the circuit (mamory
logic), additonal power savings due to reduced interconnect leragttbe expectedeveral spin

based devices added to SRAM circuits were evaluated and analysis across a number of variou
benchmarks promises 35 percent energy savings with this type of memory.

2.3.3 Publications (Embedded Memory i EM)

EM1. E. A. Tremsina, N . R o sMidnoenagaekicyAnalysisradd Oftimizedi@n lofeéshiru d d i n
Orbit Torqgue Switching Processes in Synthetic Antiferroness dournal of Applied Physi¢sol. 126, pp.
163905, Oct 2019.

EM2. N. Roschewsky, E. Wal ker, P. Gowtham, S. Swschinfg
Orbit Torque and Nernst Effect in 88b/Co HeterostructuresBhysical Review Bvol. 99, pp. 195103
195108, May 2019.
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https://aip.scitation.org/doi/10.1063/1.5121167
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.195103
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.195103

EM3. K. Kat o, V. Si.ojk.BEmohedddd Nafi&lectoMEchanical Memorydr Energy
Efficient Reconfigurable Logic EEEE Electron Device Lettersol. 37, pp. 15681565, Dec. 2016.

EM4. Y. Yang, R. Wilson, J. Gorchon,€l. Lambert, S. S a |lUbdrdfastddgnetizatioa n d
Reversal by Picosecond Electrical Pulsé&ience Advancesgol. 3, pp. E1603117, Nov 2017

EMS. K. Jhuria, J. Hohlfeld, A. Pattabi, E. Martin, A. Y. Arriola Cérdova, X. Shi, R. Lo Conte, S-Watélot J.
C. RojasSanchez, G. Malinowski, S. Mangin, A. Lemaitre, M. Hehn, J. Bokor, R. B. Wilson, and J.
Go r ¢ hSpin QrbitfTorque Switching of a Ferromagnet with Picosecond Electrical $ulSature
Electronics vol. 3, pp. 688686, Oct 2020.

EM6. U. Sikder, G. Usai, TT. Yen, K. HoraceHerron, L. Hutin, and TJ . K. BéackHEndgof-lfine Nano
ElectroMechanical Switches fdReconfigurable InterconnectdEEE Electron Device Lettersol. 41, pp.
625628, April 2020.

EM7. U. Sikder, L.P. Tatum, TT. Yen,and T-J . K. Vértical NEMiBwitches in CMOS Baekndof-Line:
First Experimental Demonstration and Programming SchellBEE International Electron Devices
Meeting (IEDM) San Francisco, CA, pp. 21.241Mar 2021.

EMS8. S. Manipatruni, D.E. Nikonov, €. Lin, T.A. Gosavi, H. Liu, B. Prasad, -X. Huang, E. Bonturim, R.
Ra me s h, and Stalable.Enevgflicrers Magifietoelectric Spi®rbit Logic, BNature vol. 565,
pp. 3543, Jan 2019.
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2.4 Flexible and Wearable Electronics

Wearable and flexible electronics is one of the main research areas in the BETR Center with the
goal of developing a new manufacturing and deployment paradigm for wearable, interactive
information devices, including displays, sensors, and logic devicesaRs activities are guided

by the recognition that electronic devices must beintrasive, easily deployed and inexpensive,

to become a pervasive technology. Spearheaded by the research grBupis Afi Javey and

Prof. Ana Arias, wearable and flexlb electronics research in the BETR Center entails the
development of tools, processes and materials foita-abll processing, layer transfer, high
resolution printing, thirfilm development, and packagifg:=

2.4.1 Recent Achievements
A. Wearable Electronics for Sweat Monitoring

The Javey group used

its expertise in

microfluidics to design

and fabricate wearable

electronic patches for

continuous sweat

monitoring at rest®

The microfluidic design

was  optimized to

combat  evaporation,

enable selective

monitoring of secretion

rate, and reduec

requwed . . sweat Figure 9. Schematic of the microfluidic sweat analysis patch containing multiple layers (a) and
accumulation times. In a hydrophilic filler to enhance sweat collection (b). An optical image of the sweat patch on a

us er 0 s(c)for mo®n various body locations (d), while continuously monitor both sweat
faCt’ the group secretion rate and compositions for long-term without external sweat stimulation (e).
developed a wearable

device for rapid uptake of nL niircnm ?rates of thermoregulatory sweat at rest, enabling-near
reattime sweat rate and composition analysis at rest (FR)urdong with sweatate sensors, the

team also integratielectrochemical sensors for pH, chloride ion, and levodopa monitoring. They
demonstrate patch functionality for dynamic sweat analysis related to routine activities, stress
events, hypoglycemimduced sweating, andaP ki nsondés di sease, t hu
autonomous monitoring of body physiology at rest. More generally, the developed patch can be
used to study correlations between sweat rates and composition, helping to better understang
analyte secretion mechiams and guide how measured concentrations should be interpreted.
Recently, the group also presented wearable sweat sensors with convenieittagkydorm
factors for sweat sensing under routine and even sedentary activity, makindpasabiomarker
monitoring practical for daily lifé&&
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